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ABSTRACT

The all rocket mode of operation is a critical factor in the overall performance of a rocket based combined cycle (RBEC) vehicl
However, outside of performing experiments or a full three dimensional analysis, there are no first order parametriesiodats to
performance. As a result, an axisymmetric RBCC engine was used to analytically determine specific impulse efficiencyedalues bas
upon both full flow and gas generator configurations. Design of experiments methodology was used to construct a test matrix and
statistical regression analysis was used to build parametric models. The main parameters investigated in this studytwere: rocke
chamber pressure, rocket exit area ratio, percent of injected secondary flow, mixer-ejector inlet area, mixer-ejectranda rati
mixer-ejector length-to-inlet diameter ratio. A perfect gas computational fluid dynamics analysis was performed to olstaih value
vacuum specific impulse. Statistical regression analysis was performed based on both full flow and gas generator engine cycles.
Results were also found to be dependent upon the engine cycle assumptions. The statistical regression analysis detkemgned that
were five significant linear effects, six interactions, and one second-order effect. Two parametric models were creaitésl to prov
performance assessments of an RBCC engine in the all rocket mode of operation.

INTRODUCTION

For years rocket-based combined cycle (RBCC) engine systems have been envisioned as the means to achieve affordable single-
stage-to-orbit (SSTOY The inherent advantage of RBCC engine systems is the increased specific impulse, or fuel efficiency, of
the airbreathing system as compared to an all rocket SSTO vehicle. A more fuel efficient engine system will increase the vehicl
payload mass fraction and thus reduce the cost per pound to orbit. A typical RBCC engine will operate in four modesréimecto
(2) ramjet, (3) scramjet, and (4) all-rocket. In general, the performance of the rocket is based on the design champeixiiagsure
ratio, propellants, and exit area ratio of the engine. However, for most RBCC systems the rocket is simply a subsetefWhitngi
a significant amount of analysis has been performed on modes 1 to 3, little analysis has been performed on mode 4. $tomaver, as
in Ref. 8, the performance of an RBCC system in mode 4 can have a significant affect on total system performance. Depending up
the assumed trajectory, the mode 4 performance can have a nearly 1:1 relationship with overall system performance aMiagefore, h
an accurate assessment of the rocket mode performance is critical and may influence engine design and layout.

Rockets are generally used in two of the modes of operation, ejector ramjet and all-rocket for orbit insertion. To ademplish t
ejector pumping in mode 1, the rockets are generally located in the forward section of the engine (Fig. 1(a)) followed-bjegtaix
section. This section can be round, square, straight, or diverging with a single rocket or multiple rockets. The additioresf th
ejector section is required for mode 1 performance, however, this configuration is not ideal for the all-rocket mode f@erforma
Because of the open area required for the inlet air, there is a free expansion of the rocket plume to the mixer-ejecter thall. O
plume impinges onto the walls it can create a series of reflected shocks inside of the engine. As a result, the flgmifiatinitysi
different from an optimum rocket nozzle with the same overall expansion area ratio. Over the years a significant amounasof work
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been performed on developing methods for designing optimal rocket nozzles, FRitClitmwever, there is a lack of design or
analysis for an RBCC system operating in a mode 4 configuration.

The objective of the present study is to quantify the effects of the mixer-ejector section on the all-rocket mode performance.
Navier-Stokes, perfect gas computational fluid dynamics (CFD) analysis was performed with the f4eaRputer code. An
axisymmetric model, which consisted of a single rocket engine with a variable duct, was chosen for ease of modeling. The main
parameters investigated in the study were: chamber pressure, rocket exit area ratio, percent of injected secondarydjeetpmixer-
inlet area ratio, mixer-ejector area ratio, and mixer-ejector length-to-inlet diameter ratio. The CFD calculations weessses to
the specific impulse efficiencies of the various RBCC configurations studied. Specific impulse efficiencies were calcethted bas
both full flow and gas generator system assumptions. Design of experiments (DOE) was used to set up the test matrigadnd statist
regression models were created based upon the CFD results. The statistical models account for interactions and cuctslinear effe
between the six parameters.

SYMBOLS
A* rocket throat area (iR)
Ag mixer-ejector inlet area (if).
Ag mixer-ejector exit area (if).
D, mixer-ejector inlet diameter (in.)
E statistical model error term (percent)
FF results from full-flow analysis
F thrust (Ip)
9 gravitational constant (32.174,|t/lb; se@)
GG results from gas-generator analysis
Isp specific impulse (sec)
ISpcep specific impulse from CFD results (sec)

specific impulse from isentropic calculations (sec)

ISpisentropic ’ g )
L mixer-ejector length (in.)

rhp primary rocket mass flow (Jp'sec)
Mg injected secondary flow (Ji'sec)
Mg
mg percent injected secondary flowm;x 100)
m; total mass flow (Ip/sec)
N number of data points used in the multiple linear regression
P number of terms in the final statistical model
Pc rocket engine chamber pressure (psia)
Pe mixer-ejector exit static pressuref(lb.z)
Q dynamic pressure QWIZ)
R2 residual error term
Sy x goodness of fit statistic between experimental value and model prediction
t multiplicative statistical constant dependent upon N-P
Ug mixer-ejector axial exit velocity (ft/sec)
X; statistical model independent variable
Ximin statistical model independent variable—minimum value possible
Ximax statistical model independent variable—-maximum value possible
X, statistical model input transformed variable
Y, calculated Isp for statistical model.
Y mean calculated Isp for statistical model
Yi predicted value of the output variable from statistical model
B statistical model coefficient
EME mixer-ejector nozzle exit area ratio
£R rocket exit area ratio
y ratio of specific heats
Nisp specific impulse efficiency (percent)
p density (I /ft3)
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RBCC ENGINE CONFIGURATION

An axisymmetric engine geometry was used for this analysis (Fig. 1(a)). The system consists of a single rocket engine in the
forward section of a mixer-ejector duct. The Rao nozzle desigRéwds used to design the nozzle contour for each rocket exit area
ratio. The rocket chamber conditions assumed a gaseous oxygen and gaseous hydrogen system at a mixture ratio of 6. The main RBC
engine parameters investigated in this study were:

The mixer-ejector inlet area AA*) is a ratio of the total area at the beginning of the mixer-ejector to the rocket throat area. Total
mixer-ejector exit area ratio gAA*) is the total available for expansion. The mixer-ejector area ratio is the amount of expansion
provided by the mixer-ejector only g¢A3). Percentage of injected secondary flow)(is the ratio of injected secondary flow to
primary rocket flow.

DATA ANALYSIS

The measure of performance used in this analysis is specific impulse efficiency. To calculate specific impulse, the CFD results
were used to calculate mass flow and thrust with a trapezoidal integration across the mixer-ejector exit plane, Eqgs) (1) and (2
respectively. In this analysis, ambient pressure outside the nozzle was set at vacuum conditions. As a result, the leifatt of am
pressure on thrust is negligible. The values were then used to calculate the specific impulse, Eq. 3:

my = J'(Pus)dAe @
exit
F= I(PU% + pe)dA6 2
exit
_F
ISpcrp = Y €)

The calculated Isp results from the CFD analysis were compared to the Isp values from isentropic flow calculations which
represent the theoretical ideal performance levels.

ISPcrp (4)

Mep =
1P| sentropic

Combustion efficiency is assumed to be 100 percent for all cases. Ideal performance is based on expanding the flow to the
maximum area ratio available at the mixer-ejector exit.

Due to the presence of injected secondary flow, there are two methods to calculate the ideal performance. Each is based upon
different system cycle assumptions. The first method is to base the ideal performang@(ispe rocket flow only I(np: r'nt),
a full-flow cycle. Specific impulse is thus:

F
| = 5
PFF = )
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In a full-flow system all of the propellants available are routed to the engine where they are mixed and burned. Any flow not
consumed by the rocketis considered a loss. In this analysis the secondary blemg)‘isw{oss. The second method is a comparison
to a gas generator type of system glspand is shown in Eq. (6).

F
mp + Mg

IspgG = (6)

In a typical gas generator cycle, more propellant is required to power the turbomachinery than is used in the rocket combustion
chamber. The excess propellants are then vented overboard with a minimal contribution to thrust. In an RBCC vehiclélityre possib
also exists that additional propellants would be carried on-board for cooling of vehicle surfaces. However, in this sgstenutrg
flow is being routed back into the engine flow path in an attempt to make the engine more efficient by increasing base pressure

DESIGN OF EXPERIMENTS STRATEGY

The DOE analysis matrix was developed to reduce the number of tests required and to develop a parametric performance model.
To fully model all curvilinear effects and potential interactions a total of 729 §).ea8es would have been required. Using DOE,
the full matrix was reduced to a total of 36 cases; enough to examine the curvilinear effects and interactions. The 38 wase mod
further reduced to nine experiments to examine only the linear effects. Results from the linear screening analysis canfReffound
8. Table Il lists the detailed configuration for each of the thirty-six cases in the model along with the total area refiveasca.
The resultis a response surface model (RSM) analysis that was obtained using Isp efficiencies to determine the effabteeach va
had on performance.

All RSM analyses were conducted using the RS/CLIENtatistical software. Two sets of statistics are reported for each data
set, the estimated coefficients and the confidence level for these values. The confidence levels are the estimated pnab&imlitie
coefficients are different from zero. Any coefficient having a confidence level less than 90 percent was consideredrinsigdifica
its corresponding term dropped from the model. Values with confidence levels less than 95 percent are considered wpak effects u
the model.

In atypical regression analysis, significance is identified and quantified relative to an estimate of system noisefasdedon a
of repeated experiments. However, a computer code should generate no noise and repeating each case should generate the same
answer. For both the RSM analyses, the noise terms were generated with the residual variation from fitting 36 data pdits with
term model.

For each data set a simple relationship was based on the input variables. Each variable has an associated coefficient.

Msp = Bo + BiXq + BaX ... BrXeX g ...+ BorX§ (7)

For the current analysis the variables were normalized to valtiésofthat the estimated coefficients would reflect the relative
strengths of the effects. Hence, the larger a coefficient value, the greater its influence on the final result. Asatrasskotmed
X; variable is actually:

_Dximax * Xjmin O

X = X 2 0_ x; — midpoint ®
! Ximax ~ Ximin range
2 2
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Also calculated are the values for residud)(goodness of it ($x). and an error estimate (E). Thg,Sis a goodness of fit
statistic which summarizes the agreement between the actual output value and the associated model predictions.

o (¥ -v)

—\2 9)
S (%)
—
~\2
Syx = A0, (10)
X (N _ P)
Sy x may be used to calculate approximate prediction errors (E) as follows.
E=txSyx (11)

where tis a multiplicative constant that changes depending on the residual degrees of freedom (N-P). These t conétaatedan be
in any statistical test or mathematical handB8akder student’s t-test. This is the variation in each data value derived from the model
for Isp efficiency.

CFD ANALYSIS

The flow solver chosen for this study was NPARC v3.0 which is a multidimensional flow simulator used for a wide variety of
fluid flow analyses within the aerospace community. NPARC is a finite difference code for structured, multiblock griteard is
by the assumption of the perfect gas law. The cases discussed here assumed steady, axisymmetric, turbulent flow thratigh the RBC
engine. Turbulence was modeled with the Spalart-Allmaras (SA)1-equation turbulencé‘odere detailed discussion of the
CFD modeling can be found in Ref. 15.

The physical boundaries of the RBCC engine have been modeled as standard adiabatic, no-slip surfaces. The combustion
chamber was simulated by specifying the constant total conditions given in Table Ill. The total conditions were obtaingdby run
a one-dimensional chemical equilibrium c&8iéor a given chamber pressure, with ambient temperature gaseous hydrogen and
gaseous oxygen as propellants at a mixture ratio of 6.0. As a result, the ratio of specifif Wwaatagsumed to be a constant 1.2 for
all CFD analysis. The secondary flow was modeled as a fixed massflux boundary with a total temperatuf@&of/he®ds based
on rocket pre-burner conditions.

Great care was taken to insure that the CFD results had adequate spatial resolution. A grid sensitivity study was pecformed whi
showed that the results were insensitive to grid spacing. A detailed discussion of the mesh generation methodology and NPARC
configuration can be found in Ref. 15.

RESULTS AND DISCUSSION

CED RESULTS

For a more detailed discussion of the details for the CFD analysis the reader is encouraged to examine Ref. 15. Hofvever, a brie
summary is included in the following section to highlight some of the flow characteristics which affect system performance.
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Figure 2 shows a representative Mach number distribution for case 28. Just downstream of the rocket nozzle exit isahsifnee exp

of the plume to the mixer-ejector wall. The plume consists of both a shear layer and oblique shock structure. Next plaenecket
impinges on the mixer-ejector wall. As the flow turns parallel to the wall, a reflected oblique shock is created whicleprtopagdt

the centerline. In some cases, the mixer-ejector is short enough that the oblique shocks do not meet at the centarbissibgfore

the nozzle exit plane. However, if the duct is long enough, the oblique shocks reflect at the centerline, creating ekéistmacidie

in the flow. Also, as seen in the plot, when the oblique shocks impinge upon the wall, shock induced boundary layer separations
formed. Weak secondary expansion and shock waves can also be seen in the flow. Substantial boundary layer growth is also presen
in many of the solutions, especially for the longer mixer-ejectors. All cases exhibit some flow stratification and flostdigldrdi

at the mixer-ejector exit. Table IV presents both the full-flow and the gas generator CFD results and efficiencies basegion ise
performance.

REGRESSION RESULTS

FULL FLOW MODEL

Table V presents the results from the curvilinear regression analysis of the full thirty-six case model based on the full flow
analysis. For this analysis the student’s t constant was based on an estimate of a 95 percent confidence level fo)) teenerror (E

The resulting expression (12) is:

|:|A3 0 DL_SSD DAG _15D
(Pc—-7500] * 0 D3 3
| _rr =89.325+0.350 o5 A% O o722 w1608
Me-Fr H 450 H 580 o 015 O O 05 [
O O = = H =
12 Pc - 750 SAA‘ROE] 5&-1205311 4 4
& -1200 75000 * * s~ 40 s =4
+3.206 1 0.334 0.363 - 0.421
H s E H 450 EF 805+ BASO Ha B H 4 H
0 0 0 0
DAe 0 0A 6 0 Ae 0
~15 3 _ -15 ~15
Oa O _ _ Oa e 120 O Oa _
x T3 o7p3OMs TAME 120, g3 AT 3 040603 %ﬂ 120
O 05 [ H4 BH s H 0 80 05 [ 0 05 8 H
H H O H = H
5 —120f

Along with five linear relationships, several interactions and one second order relationship were found to affect Isp.efficienc
For the linear terms the sign of the coefficient is an indication of whether the effect was positive or negative. Thenlinglaowe
increases in performance resulted from increases in chamber pressure, mixer-ejector area ratio, and rocket area ratio. These
relationships can be seen by examining several pairs of data. The effect of chamber pressure can be seen by compaiting cases 2 w
13 and 4 with 12 where with all parameters except chamber pressure are constant. The increase in performance duesto an increas
in mixer-ejector area ratio can be seen by comparing any of the following cases: 4 and 14, 7 and 21, and 15 and 6.€The increas
performance with rocket area ratio can be seen by comparing cases 4 with 19 and 7 with 35. Performance was found tétdecrease wi
increasing mixer-ejector inlet area ratio and mixer-ejector length-to-diameter ratio. The effect of increasing mixerlejesta in
ratio can be seen by comparing any of the following cases: 1 with 16, 8 with 22, and 35 with 15. A detailed discussioseanf the |
relationships can be found in Ref. 8. For the interaction terms the sign only determines the bilinear variation. The geifatittanc
highly dependent on the linear terms of the parameters involved in the interaction. Therefore, while the interaction may cause
decrease in performance, the gain from the linear term may be enough to cause a net increase in performance due tethat paramet
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The first interaction is between chamber pressure and mixer-ejector inlet area ratio (Fig. 3). For Figs. 3 to 12, atsparamete
exceptthe interaction discussed are at the mid level values. As mixer-ejector inlet area ratio is increased, the peftbersgsiao
decreases; likewise as chamber pressure increases performance increases. The effect of chamber pressure is minimat-at lower mix
ejector inlet area ratios, but becomes more pronounced as mixer-ejector inlet area ratio increases. The highest performing
configuration is at the lowest mixer-ejector inlet area ratio possible and is unaffected by chamber pressure. An increaefgstonixe
inlet area ratio results in an larger free expansion between the rocket nozzle exit and mixer-ejector wall, hence a decrease in
performance.

The second interaction is between mixer-ejector inlet area ratio and secondary flow (Fig. 4). As shown in the figure, between
mixer-ejector inlet area ratios of 40 to 120, increasing secondary flow will decrease performance. For mixer-ejectoraties area
in the range of 120 to 200 an increase in secondary flow increases the efficiency. The general trends presented bythag. 4 show
the larger mixer-ejector inlet areas produces the worst performance and adding secondary flow only slightly affects thea results
with the first interaction, increasing mixer-ejector inlet area ratio decreases performance.

The next interaction is between secondary flow and mixer-ejector area ratio. Figure 5 shows graphically how the interactions ar
related to Isp efficiency. For a straight mixer-ejector with a area ratio of 1.0 up to a mixer-ejector area ratio of fdsrtrenpe
increases with increasing secondary flow. However, at mixer-ejector area ratios higher than 1.5, the performance déaeases as t
secondary flow is increased. At constant secondary flows, as mixer-ejector area ratio is increased the performance increases.

The fourth interaction is between secondary flow and rocket area ratio (Fig. 6). This is an interaction with a curved shape due
to the second order effect of rocket area ratio. As the figure shows, performance increases as secondary flow incresiaet for con
rocket area ratios up to 12. However, at a rocket area ratios above 12, a reduction in performance is evident as sedsndary flow
increased. If secondary flow is held constant, increasing rocket area ratio will increase performance. For this interhigifeestth
performance results from having the largest rocket area ratio with the least amount of secondary flow.

The fifth interactive relationship is between mixer-ejector inlet area ratio and mixer-ejector area ratio (Fig. 7). Asimatir the
relationships, increasing mixer-ejector inlet area ratio decreases performance while increasing mixer-ejector area gsafio increa
performance. This interaction is the balance between increasing the free expag#itha@id increasing the total nozzle surface
(Ag/A5) available for producing thrust. At constant mixer-ejector inlet area ratio the performance increases with increasing mixer-
ejector area ratio. The most efficient configuration is with the smallest mixer-ejector inlet area ratio and the maximejeataxer-
area ratio.

The final significant interaction is between mixer-ejector area ratio and rocket area ratio (Fig. 8). This is an intetlaction wi
curved shape due to the second order effect of rocket area ratio. The performance increases as both rocket area ragieetod mixer
arearatio increase. For constant rocket area ratios, performance increases as mixer-ejector area ratio increasefntheasfiiegt o
mixer-ejector area ratio is greater at lower rocket area ratios. Performance also increases at constant mixer-ejeogfoaraa rati
increasing rocket area ratio. The highest performance can be obtained with the largest rocket area ratio and the lajgesvmixer-
area ratio.

A second order effect is related to rocket area ratio (Fig. 9). In the linear model, as rocket area ratio increased performance
increased according to the slope determined by the linear coefficient. However, due to the second-order effect the pegfiinmance
to level off as rocket area ratio approaches 20. This type of performance curve is similar to a standard performanca ragrsus are
curve for ideal nozzles showing diminishing returns as area ratio increases, a combination of a positive linear andnvétetare cu
effects.

GAS-GENERATOR MODEL

Table VI presents the results from the curvilinear regression analysis of the full thirty-six case model based on thatgas gener
analysis. For this analysis the student’s t constant was based on an estimate of a 95 percent confidence level fo)) teenerror (E
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The resulting expression (13) is:
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Several interactions and one second order relationship were found to affect Isp efficiency. In fact, the same interactions wer
found to be significant in the gas-generator and full-flow models. However, the addition of secondary flow as a lineadeffect m
significant change in the plots for the interactions of the gas-generator model as compared to the full-flow analy#ise Faatibes
that do not involve secondary flow, the plots and relationships are similar to those discussed in the full flow analysisdnitta
values of the efficiency has changed. Due to the similarity in results only the interactions that involve secondary dolisetlbed
in the following section. For comparison purposes the figures for the nonsecondary flow cases have been included. FSguts 10 pre
the interaction between mixer-ejector inlet area ratio and chamber pressure, Fig. 11 presents the interaction betweetomixer-eje
area ratio and mixer ejector inlet area ratio, Fig. 12 presents the interaction between rocket area ratio and mixea efgictonzde
Fig. 13 presents the second order effect of rocket area ratio.

Figure 14 presents the interaction between secondary flow and mixer-ejector inlet area ratio. Due to the linear relationship of
secondary flow for the gas generator analysis, this interaction is different than for the full-flow analysis. For a comstiamy $kow
value, increasing #A* decreases performance while at a constay#A increasing secondary flow increases performance. The
general trends presented by Fig. 14 shows that the smallest mixer-ejector inlet area and largest secondary flow proghests the hi
performance.

The next interaction is between secondary flow and mixer-ejector area ratio (Fig.15). At constant secondary flows, as mixer-
ejector arearatio is increased the performance increases. Performance also increases when secondary flow incredaseigat-constan
ejector area ratios. For this system, the highest performance occurs with the largest mixer-ejector area ratios, hestéctaé larg
area ratio for a given configuration, and routing the maximum amount of secondary flow into the engine. Due to the addition of
secondary flow as a significant linear effect, this result is in direct contrast to Fig. 9 from the full-flow analysis.

The fourth interaction is between secondary flow and rocket area ratio (Fig. 16). This is an interaction with a curved shape d
to the second order effect of rocket area ratio. The plot clearly shows that as either secondary flow or rocket areasatio lsgr
efficiency increases. The highest performance occurs when both parameters are at the maximum values within the trade space. Thi
is a result of the individual positive linear relationships driving the final results. From the results it is clear teajdergénerator

analysis, the highest performance results from increasing rocket area ratio with an additional gain resulting from iecreaking s
flow.
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DISCUSSION OF RESULTS

Several facts are evident from examining the results from both the full-flow and gas generator methods of analyses. First, the
assumption of a full-flow or gas generator cycle is important in determining which parameters have the most signifiaamt effect
performance. In the gas generator assumption, the addition of secondary flow is not only a strong main linear effatlbeneéso i
several of the interactions. As a result, if a gas generator system is used or extra propellants are required to ctmlahief/ttec
fluids should be routed back into the RBCC engine system. This is not unexpected since any gain in performance is battegthan v
the propellants overboard.

In both data sets, the initial rocket area ratio is one of the most influential parameters because it not only hasthe taogést
significant linear effect, it is the only second order effect and appears in several interactions. A larger rocketaseaegiices
the size of the free expansion inside of the engine and hence reduces the potential for additional losses. A compaviaoh of the
number CFD plots from cases 4 and 19 (Fig. 17) shows how the change in rocket area ratio affects the flow field. Inlcaise 19 wit
larger rocket exit area ratio both the mixer-ejector and rocket exit Mach numbers are greater than those found in casieet. The r
exhaust plume and initial reflected shock structure also extend farther downstream for the cases with a larger roclestl3tere ar
fewer reflected shock boundary layer interactions and smaller regions of slower moving flow at the exit with the largeeeocket
ratio. However, the most important factor is the efficiency gained by the initial expansion along the rocket nozzle aa@pipesed
expansion.

A corresponding increase in performance results from an increase in mixer ejector area ratio. This increase is simply due to th
increase in total area ratio available for expansion. The Mach number CFD plots from cases 4 and 14 (Fig. 18) showsrgev the cha
in mixer-ejector area ratio affects the flow field holding all other parameters constant. Because some this expansiorih@curs on
diverging mixer-ejector wall, there are fewer losses than if the expansion went to the same exit area ratio for a stihgHbdees
associated with the #A; expansion are due to divergence losses and boundary layer development which are generally small by
comparison to the losses due to the free expansion. From the Mach contour plot of Fig. 18 several differences are dixdegind he
case has alonger initial plume expansion and the reflected waves are longer, result in fewer waves in the mixer-ejeCroeraizz|
the diverging mixer-ejector has higher exit Mach numbers which translate to increased momentum. The net effect is increased
efficiency for cases where the mixer-ejector section diverges.

The amount of free expansion between the rocket and mixer-ejector wall is also directly related to the mixer-ejector inlet area
ratio. In both sets of analyses, all linear relationships and interactions that involve this parameter provide increasmtcparozn
A,/A* is minimized. A comparison of the CFD Mach number contour plots from cases 8 and 22 (Fig. 19) shows how the change
in mixer-ejector inlet area ratio affects the flow field. Initially, based upon previous comparisons, the large regicspeEdidow
and the fact that the reflected oblique shock does not impinge at the centerline, it would be expected that case 22aimgitebe th
performing of the configurations. However, it turns out that case 8 is the more efficient configuration. This is a dire€thesul
reduced free expansion for case 8 as compared to case 22. The free expansion appears to be the dominant feature in determining
performance, more so than exit Mach number or the number of reflected shocks in the mixer-ejector nozzle.

One way to examine the effect of free expansion on performance is to look at the base pressure upstream of the rocket. When
no secondary flow is present the system acts as a supersonic driven cavity where the primary rocket exhaust evacugtes the cavit
forward of the rocket. The resultis a low base pressure which provides a small amount of thrust for the area betweendheleocke
exit and mixer ejector wall. An increase in thrust could be provided by increasing the base pressure. One method tosiacrease ba
pressure is by introducing secondary flow into the cavity. But as we have shown with the parameteric models, the gaimist thrust
be balanced by the increase in net mass flow to the system. If the system calls for a full-flow cycle then the addiparaté a se
secondary flow system is not necessary to increase performance. However, if the gas generator cycle is selected ovalduitional ¢
flow is required, it is beneficial to route the tap-off gases into the cavity and overall performance increases.

Adding secondary flow to the system also effects the primary rocket exhaust expansion. The primary rocket expansion is a
function of the cavity pressure along with the nozzle exit divergence angle and nozzle exit static pressure. Secondagdiow is
toincrease the ambient pressure into which the primary flow expands. By increasing the pressure, the plume expansdoesgle is
and the flow is turned more in the axial direction, resulting in lower divergence losses due to the reflected obliquelshdblsang
is evident by examining the particle trace and nondimensional pressure profile plots for cases 4 and 28 Figc262.4 with no
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secondary flow the primary flow from the rocket nozzle has a steep exit angle and the flow impacts the mixer-ejectsteegll at a

angle. The plots also show that with no secondary flow, several recirculation zones are present inside of the cavityinesever,

20 with 8 percent injected secondary flow the rocket plume is turned more axially along the flow path and impinges theetoixer-ej

wall at a much shallower angle. Case 20 also shows that when secondary flow is added only one small eddy is present near the
impingement point of the primary stream. The non-dimensional pressure profiles show that the impingement point is moved farther
downstream with the addition of secondary flow. The result is an increased efficiency due to fewer reflected shock® ltecan als

seen by examining the oblique shock tables that reducing the oblique shock angle increases the downstream Mach number. The
hypothesis is that reducing the total exit angle and the wall impingement angle is one mechanism that contributes to increasing
performance.

Finally, for comparison, the predicted results from the curvilinear models were compared to the actual values from the CFD
results. As shown by the results in Table VI, the actual values for both models agree well with the model predictedevédaes. Th
is also evident by the low calculated error term for the curvilinear model, at a 95 percent confidence level.

CONFIRMATION CASES

For a check of model accuracy for both the full-flow analysis and gas-generator analysis, eight confirmation CFD cases were
run. The input variables for the cases can be found in Table VIIl. Cases 37-40 were selected to examine the interaction between
secondary flow and mixer-ejector area ratio, as a result those values were varied between the high and low inputs ehile all oth
variables were maintained at the mid-point. Cases 41-44 were selected to examine the interaction between secondark#éow and roc
exit area ratio, as a result those values were also varied between the high and low inputs while all other variable siner ahaint
the mid-point. The results from the CFD and models can be found in table IX. The results are similar for both the fullgftey and
generator analysis where, except for one case, the percent difference between CFD and model predictions fall well wothin the er
term from the original model. Theses results are further evidence of the robust nature of the curvilinear model.

OPTIMUM CONFIGURATION

An optimum configuration was determined for this type of axisymmetric configuration using the curvilinear models based upon
both the full-flow and gas-generator assumptions. For the full-flow assumption the following configuration will optimizegreréor

Chamber pressure (psi) 1152.9
Rocket area raticeg) 20
Percent of secondary flow (n 0.25
Mixer-ejector inlet area ratio[fA*] 40
Mixer-ejector area ratio [fA3](gye) 1.98
Mixer-ejector length-to-diameter ratio [LAD 3.54

The results from the optimization serve to reinforce the relationships shown in the curvilinear model. In general, thi@pasitive
relationships are at or near the maximum set point while the negative linear relationships are at or near the minimuHose¢peint
some of the relationships are affected by the interactions. The highest performance is obtained with a near maximumssamaper pre
a maximum rocket area ratio, and a near maximum mixer-ejector area ratio. Even though there was no linear effect, the amount of
secondary flow required to increase performance is very small, most likely due to the multiple interactions involvingrtetgrpara
The optimum performance is obtained when the mixer-ejector area ratio is at a minimum. The mixer-ejector length-to-dameter rat
does not follow the same pattern as the other parameters, instead optimum performance is achieved near the mid-point value.

For the gas-generator assumption the following configuration will optimize performance:

Chamber pressure (psi) 998.4
Rocket area raticeg) 18.6
Percent of secondary flow gn 8.0

NASA/TM—1998-206639 10



Mixer-ejector inlet area ratio[4A*] 40
Mixer-ejector area ratio [4A;](gye) 2.0
Mixer-ejector length-to-diameter ratio [LAD 2.04

As with the full-flow model, the results from the optimization serve to reinforce the relationships shown in the curvililetar mo
In general, the positive linear relationships are at or near the maximum set point while the negative linear relaticatshipeare
the minimum set point. However, some of the relationships are affected by the interactions and the addition of secorglary flow a
significant linear effect obviously changes the results. The highest performance is obtained with a near maximum rotiket area ra
a maximum amount of secondary flow, and a maximum mixer-ejector area ratio. Chamber pressure is still a high value, however it
is nearly 200 psi below the maximum value. The optimum performance is obtained when the mixer-ejector area ratio andanixer-ejec
length-to-diameter ratio are at the minimum.

CONCLUDING REMARKS

Results from the regression revealed several significant interactions between the parameters and second order effects. Results
were analyzed based on both full flow and gas generator systems. The significant linear relationships are:

« Increasing chamber pressure increases specific impulse efficiency.

« Increasing mixer-ejector inlet area ratio decreases specific impulse efficiency.

* Increasing mixer-ejector length-to-diameter area ratio decreases specific impulse efficiency.
* Increasing mixer-ejector area ratio increases specific impulse efficiency.

« Increasing rocket area ratio increases specific impulse efficiency.

For the full flow analysis, secondary flow was not a significant linear effect, however it was a significant linear &ffaga t
generator analysis. The interactions were consistent between models, although with different coefficients. The additidargf sec
flow in the gas generator analysis as a significant linear effect did change the relationship of the interactions invoidiany feev
as compared to the full flow analysis. The six significant interactions were:

« Chamber pressure with mixer-ejector inlet area ratio

« Injected secondary flow percentage with mixer-ejector inlet area ratio
 Injected secondary flow percentage with mixer-ejector exit area ratio
 Injected secondary flow percentage with rocket exit area ratio

« Mixer-ejector inlet area ratio with mixer ejector exit area ratio

« Mixer-ejector exit area ratio with rocket exit area ratio

Rocket exit area ratio was found to provide a negative second order effect which resulted in diminishing returns for specific
impulse efficiency with increasing rocket area ratio. All of the interactions and second order effects served to entsultsftbenre
the linear analysis while providing a more accurate parametric model. Results from the curvilinear model were shown tal correspo
very well with the CFD results. The parametric equations developed provide a first-order analysis tool to evaluate the mode 4
performance of an RBCC engine.

The CFD results showed several areas of concern in the flow path which ultimately had an affect on the parametric model. These
flow characteristics include the free expansion from the rocket nozzle to mixer-ejector wall, reflected oblique shock #trociyine
out the flow path, shock induced boundary layer separations, thick boundary layer development at the exit, and flowgeickdiverg
atthe exit. Injected secondary flow was used in an attempt to increase performance, however it was found to be déypes\dsaton t
assumptions. CFD particle trace results showed that injected secondary flow influenced the flow stream by altering dresfoee exp
angle of the rocket plume as well as reducing the cavity recirculation zones.

Finally, this study has shown that utilizing design of experiments is an effective tool to maximize results while reducing the
number of experiments require
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TABLE |.—RBCC ENGINE PARAMETERS AT

THREE LEVELS
Chamber pressure (Pc) (psi) 300] 750| 1200
Rocket exit area ratio (eg) 4] 12 20
Percent of injected secondary flow (m) 00| 40| 80
Mixer-ejector inlet area ratio[A ;/A*] 40| 120f 200
Mixer-gjector area ratio [Ag/A,](Eye) 10| 15| 20
Mixer-ejector length-to-diameter ratio [L/D ][ 20| 35| 50
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TABLE II.—DESIGN INPUT VARIABLES

Case | Chamber | Secondary | Mixer-gjector | Lengthto | Mixer-gjector | Rocket | Total
pressure, flow inlet area diameter area area area
ps percent ratio ratio ratio ratio ratio

X X X3 X4 Xs Xe
1 300 80 400 20 20 40 80
2 300 00 400 50 20 200 80
3 1200 00 2000 20 20 40 400
4 300 00 2000 50 10 40 200
5 300 80 2000 20 10 200 200
6 1200 80 2000 50 20 200 400
7 1200 80 400 50 10 40 40
8 1200 00 400 20 10 200 40
9 750 40 1200 35 15 120 180
10 300 00 2000 20 20 200 400
11 1200 80 400 20 20 200 80
12 1200 00 2000 50 10 40 200
13 1200 00 400 50 20 200 80
14 300 00 2000 50 20 40 400
15 1200 80 2000 50 10 200 200
16 300 80 2000 20 20 40 400
17 300 80 400 50 20 200 80
18 1200 00 400 20 10 40 40
19 300 00 2000 50 10 200 200
20 300 80 200.0 50 10 40 200
21 1200 80 400 50 20 40 80
22 1200 00 200.0 20 10 200 200
23 750 00 400 5.0 10 40 40
24 750 40 200.0 20 10 40 200
25 300 40 400 50 15 40 60
26 750 80 1200 20 15 40 180
27 1200 00 2000 50 15 120 300
28 300 40 1200 50 10 120 120
29 300 80 400 35 10 40 40
30 300 00 1200 20 10 40 120
31 300 40 400 20 10 200 40
32 1200 80 2000 20 10 120 200
33 300 00 400 35 15 200 60
34 750 00 400 20 20 120 80
35 1200 80 400 50 10 200 40
36 1200 40 120.0 35 20 40 240

NASA/TM—1998-206639

TABLE I11.—CFD CONSTANT TOTAL
CONDITIONS FROM A CHEMICAL
EQUILIBRIUM CODE

Chamber | Molecular Chamber
pressure, weight temperature,
psia °R
300 13.02 6200
750 1319 6400
1200 13.27 6500
13




TABLE IV.—CFD SPECIFIC IMPULSE RESULTS AND CALCULATED
ISENTROPIC SPECIFIC IMPULSE EFFICIENCIES

Case| Ispep, | Isp isentropic| Isp isentropic| Isp isentropic| Isp isentropic
sec full-flow, full-flow gas-generator, gas-generato
sec efficiency, sec efficiency,
percent percent

1 399.54 451.57 88.48 418.12 95.56
2 424.33 451.57 93.97 451.57 93.97
3 415.94 480.04 86.65 480.04 86.65
4 361.73 465.06 77.78 465.06 77.78
5 411.29 465.06 88.44 430.61 95.51
6 430.64 480.04 89.71 444.48 96.89
7 374.07 445,44 83.98 412.44 90.70
8 416.89 445.44 93.59 445.44 93.59
9 418.26 468.03 89.37 450.03 92.94
10 | 433.80 473.31 91.65 473.31 91.65
11 425.32 457.99 92.87 424.06 100.30
12 375.90 471.67 79.69 471.67 79.69
13 | 43292 457.99 94.53 457.99 94.53
14 393.85 473.31 83.21 473.31 83.21
15 415.28 471.67 88.04 436.73 95.09
16 | 407.86 473.31 86.17 438.25 93.06
17 412.17 451.57 91.28 418.12 98.58
18 376.14 445.44 84.44 445.44 84.44
19 | 403.11 465.06 86.68 465.06 86.68
20 372.02 465.06 79.99 430.16 86.39
21 399.24 457.99 87.17 424.06 94.15
22 419.26 471.67 88.89 471.67 88.89
23 369.83 443.34 83.42 443.34 83.42
24 381.15 469.45 81.19 451.39 84.44
25 384.22 446.71 86.01 429.53 89.45
26 | 404.67 468.03 86.46 433.36 93.38
27 415.05 476.73 87.06 476.73 87.06
28 397.36 458.00 86.76 440.38 90.23
29 377.51 439.19 85.96 406.66 92.83
30 369.02 458.00 80.57 458.00 80.57
31 399.86 439.19 91.04 422.30 94.69
32 415.49 471.67 88.09 436.73 95.14
33 419.92 446.71 94.00 446.71 94.00
34 | 427.36 455.83 93.76 455.83 93.76
35 401.40 445.44 90.11 412.44 97.32
36 | 404.55 473.98 85.35 455.75 88.76
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TABLE V.—MULTIPLE REGRESSION FOR AN ISENTROPIC FULL-FLOW SOLUTION
(R?2=0.985, S, , =0.6573, t = 1.71, E = +1.13 PERCENT)

Term Coefficient | Confidence
level,
percent
Constant B, 89.325 >99.99
Chamber pressure B, 0.350 99.16
Mixer-ejector inlet area ratio B, -1.615 99.99
Mixer-ejector length-to-diameter ratio B, —-0.697 99.99
Mixer-gjector area ratio By 1.608 99.99
Rocket area ratio Bs 3.206 99.99
Chamber pressure x mixer-gjector inlet area ratio B, 0334 98.46
Secondary flow x mixer-gjector inlet area ratio B, 0.363 98.89
Secondary flow x mixer-gjector area ratio Bu -0421 99.53
Secondary flow x rocket exit area ratio B -0.723 99.99
Mixer-gjector inlet area ratio x mixer-ejector arearatio | By 0.283 9553
Mixer-ejector area ratio x rocket exit area ratio By -0.406 98.45
(Rocket exit area ratio)? B -1.586 99.98

TABLE VI.—MULTIPLE REGRESSION FOR AN ISENTROPIC GAS GENERATOR ANALYSIS
(R2=0.999, S, , =0.703, t = 1.72, E = +1.21 PERCENT)

Term Coefficient Confidence
level,
percent
Constant B, 92.8833 >99.99
Chamber pressure B, 0.351 98.69
Secondary flow B 3489 99.99
Mixer-ejector inlet area ratio By -1.667 99.99
Mixer-ejector length-to-diameter ratio B, -0.725 99.99
Mixer-gjector area ratio Bs 1.653 99.99
Rocket area ratio Bs 3.307 99.99
Chamber pressure x mixer-gjector inlet area ratio B, 0.347 98.15
Secondary flow x mixer-gjector inlet area ratio B 0.317 96.56
Secondary flow x mixer-gjector area ratio B -0.374 98.27
Secondary flow x rocket exit area ratio Bis -0.619 99.97
Mixer-gjector inlet area ratio x mixer-gjector arearatio | By 0283 9384
Mixer-ejector area ratio x rocket exit area ratio Bor -0.426 99.30
(Rocket exit area ratio)? By -1.639 99.98
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TABLE VII.—COMPARISON OF CFD RESULTS WITH THE CURVILINEAR MODEL RESULTS

Case Full-flow, percent Gas-generator, percent
CFD Curvilinear model Percent CFD Curvilinear model|l Percent
E =+1.13 percent| difference, E =+1.21 percent| difference
percent percent
Actual Predicted Actual Predicted
1 88.48 88.50 —0.02 95.56 95.54 0.02
2 93.97 94.27 -0.32 93.97 94.25 -0.30
3 86.65 85.93 0.82 86.65 86.01 0.74
4 77.78 77.73 0.06 77.78 77.69 0.12
5 88.44 87.92 0.59 95.51 94.96 0.58
6 89.71 90.02 —0.35 96.89 97.18 -0.30
7 83.98 84.52 —0.64 90.70 91.25 -0.61
8 93.59 93.02 0.61 93.59 93.08 0.55
9 89.37 89.33 0.07 92.94 92.88 0.09
10 91.65 91.61 0.05 91.65 91.61 0.05
11 92.87 92.69 0.19 100.30 100.07 0.23
12 79.69 79.10 0.74 79.69 79.08 0.77
13 94.53 94.30 0.24 94.53 94.26 0.28
14 83.21 83.17 0.05 83.21 83.16 0.06
15 88.04 87.89 0.17 95.09 94.91 0.19
16 86.17 85.89 0.32 93.06 92.71 0.38
17 91.28 91.26 0.02 98.58 98.61 -0.03
18 84.44 84.35 0.11 84.44 84.37 0.08
19 86.68 86.40 0.32 86.68 86.39 0.33
20 79.99 80.74 —0.94 86.39 87.28 -1.03
21 87.17 87.14 0.04 94.15 94.10 0.05
22 88.89 89.17 -0.31 88.89 89.24 -0.39
23 73.42 82.94 0.58 83.42 82.92 0.60
24 81.19 81.32 —0.16 84.44 84.63 -0.23
25 86.01 85.43 0.67 89.45 88.88 0.64
26 86.46 85.95 0.59 93.38 92.77 0.65
27 87.06 87.33 —0.31 87.06 87.38 -0.37
28 86.76 86.67 0.10 90.23 90.15 0.09
29 85.96 85.18 0.90 92.83 91.97 0.93
30 80.57 81.72 -1.43 80.57 81.75 -1.46
31 91.04 92.32 -1.41 94.69 96.00 -1.38
32 88.09 87.99 0.12 95.14 94.88 0.27
33 94.00 93.63 0.40 94.00 93.66 0.36
34 93.76 93.75 0.01 93.76 93.85 -0.10
35 90.11 90.30 —0.20 97.32 97.48 -0.16
36 85.35 86.90 -1.81 88.76 90.37 -1.81
NASA/TM—1998-206639 16




TABLE VIIL.—DESIGN INPUT VARIABLES FOR MODEL CONFIRMATION CASES

Case| Chambef Secondary Mixer-ejector| Length to| Mixer-ejector | Rocketf Total
pressure flow inlet area | diameter area ratio area | area
psi percent ratio ratio ratio ratio
Xl XZ X3 X4 X5 X6
37 750 0.0 120 35 2.0 12 240
38 750 0.0 120 35 1.0 12 12(
39 750 8.0 120 35 20 12 240
40 750 8.0 120 35 1.0 12 12(
41 750 0.0 120 35 15 20 180
42 750 0.0 120 35 15 4 180
43 750 8.0 120 35 15 20 180
44 750 8.0 120 35 15 4 180

TABLE IX.—COMPARISON OF CFD RESULTS WITH THE CURVILINEAR MODEL
RESULTS FOR MODEL CONFIRMATION CASES

Case Full-flow, percent Gase generator, percent
CFD Curvilinear modell Percent| CFD Curvilinear model] Percent
E =+1.13 percent| difference E =+1.21 percent| difference
Actual Predicted Actual Predicted
37 89.94 91.35 -1.57 89.94 91.42 -1.64
38 86.98 87.30 -0.37 86.98 87.37 -0.45
39 89.65 90.51 -0.97 96.82 97.65 -0.86
40 87.58 88.14 -0.64 94.59 95.09 -0.53
41 91.29 91.67 -0.42 91.29 91.68 -0.43
42 83.46 83.81 -0.42 83.46 83.83 -0.45
43 89.69 90.22 -0.60 96.86 97.42 -0.58
44 85.39 85.26 0.15 92.22 92.05 0.19
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Mixer-ejector inlet

area (Ag)
Percent secondary ————p
flow (mg) Rocket exit Mixer-ejector
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-« Mixer-ejector length

Figure 1.—(a) Axisymmetric configuration. (b) Optimized rocket nozzle configuration.
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Figure 2.—Mach number contour plot for case 28 highlighting a representative flow structure.
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Figure 3.—Full flow analysis-mixer-ejector inlet area ratio as a function
of chamber pressure. (Baseline: Pc = 750 psia, mg = 4%, Ag/A* =120,
L/D3 = 3.5, Ag/A3 = 1.5, €, = 12).

1 87.5—
190 -
180 1
. 4 — 88
~ -
<1607 e85
o 150 -
© 140 A 89
o
9 130 -
g 120 Isp efficiency (percent)
£ 110 ] 89.5
5 i
*8' 100 -
T 90 -
1 \
= 70 -
ol
0 1 2 3 4 5 6 7 8

Secondary flow (percent)

Figure 4.—Full flow analysis-mixer-ejector inlet area ratio as a function
of secondary flow. (Baseline: Pc = 750 psia, mg = 4%, Ag/A* = 120,
L/D3 = 3.5, Ag/A3 =1.5, ¢, = 12).
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Figure 5.—Full flow analysis-mixer-ejector area ratio as a function of
secondary flow. (Baseline: Pc = 750 psia, mg = 4%, A3/A* = 120,
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Figure 13.—Gas generator analysis-specific impulse efficiency as a
function of rocket area ratio. (Baseline: Pc = 750 psia, mg = 4%,
Az/A* =120, L/D3 = 3.5, Ag/A3 = 1.5, ¢, = 12).
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function of secondary flow. (Baseline: Pc = 750 psia, mg = 4%,
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Figure 16.—Gas generator analysis-rocket area ratio as a function of
secondary flow. (Baseline: Pc = 750 psia, mg = 4%, A3/A* =120,
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Figure 19.—Mach number contour plots comparing case #8 and case #22 showing the effect of changing
mixer-ejector inlet area ratio on the flowpath.
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Figure 20.— (a) Particle traces; gray represents the secondary flow streaklines,
black represents the primary flow streaklines for (i) no secondary flow
(case #4) and (ii) 8% secondary flow (case #20). (b) Mixer-ejector surface
pressure comparison; notice the effect of secondary flow upon the peak

pressure (shock impingement).
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